ABSTRACT: Data on individual daily feed intake, BW at 28-d intervals, and carcass composition were obtained on 1,212 crossbred steers. Within-animal regressions of cumulative feed intake and BW on linear and quadratic days on feed were used to quantify initial and ending BW, average daily observed feed intake (OFI), and ADG over a 120-d finishing period. Feed intake was predicted (PFI) with 3 biological simulation models (BSM): a) Decision Evaluator for the Cattle Industry, b) Cornell Value Discovery System, and c) NRC update 2000, using observed growth and carcass data as input. Residual feed intake (RFI) was estimated using OFI (RFI EL ) in a linear statistical model (LSM), and feed conversion ratio (FCR) was estimated as OFI/ ADG (FCR E ). Output from the BSM was used to estimate RFI by using PFI in place of OFI with the same LSM, and FCR was estimated as PFI/ADG. These estimates were evaluated against RFI EL and FCR E . In a second analysis, estimates of RFI were obtained for the 3 BSM as the difference between OFI and PFI, and these estimates were evaluated against RFI EL . The residual variation was extremely small when PFI was used in the LSM to estimate RFI, and this was mainly due to the fact that the same input variables (initial BW, days on feed, and ADG) were used in the BSM and LSM. Hence, the use of PFI obtained with BSM as a replacement for OFI in a LSM to characterize individual animals for RFI was not feasible. This conclusion was also supported by weak correlations (<0.4) between RFI EL and RFI obtained with PFI in the LSM, and very weak correlations (<0.13) between RFI EL and FCR obtained with PFI. In the second analysis, correlations (>0.89) for RFI EL with the other RFI estimates suggest little difference between RFI EL and any of these RFI estimates. In addition, results suggest that the RFI estimates calculated with PFI would be better able to identify animals with low OFI and small ADG as inefficient compared with RFI EL . These results may be due to the fact that computer models predict performance on an individual-animal basis in contrast to a LSM, which estimates a fixed relationship for all animals; hence, the BSM may provide RFI estimates that are closer to the true biological efficiency of animals. In addition, BSM may facilitate comparisons across different data sets and provide more accurate estimates of efficiency in small data sets where errors would be greater with a LSM.
INTRODUCTION
Feed represents the greatest input in beef production, accounting for ≈66 and ≈77% of the total cost of BW gain in cow/calf and yearling finishing systems, respectively (Anderson et al., 2005) . This suggests that production efficiency would be improved by increasing beef output per unit of feed used, a measure referred to as feed conversion ratio (FCR; Brody, 1945) , which is the most widely used index of production efficiency in the literature. However, FCR has highly negative genetic correlations with ADG and size in cattle (Koots et al., 1994) , which suggest that selection to reduce FCR would be accompanied by an increase in growth rate and mature cow size. Mrode et al. (1990) reported that selection to reduce lean FCR resulted in a correlated increase in cow size. An alternate index of production efficiency that is increasingly being used in the beef industry is residual feed intake (RFI; Koch et al., 1963) . In beef finishing systems, this index is the difference between average daily observed feed intake (OFI) and the average daily expected feed intake (EFI) required for maintenance of BW and growth rate over a specified period. This difference or the residual portion can be used to identify animals that deviate from their EFI, with efficient animals having reduced (negative) RFI.
Estimation of RFI or FCR requires a measurement of individual animal feed intake (FI), which is expensive and limited to the capacity of the recording equipment. Biological simulation models (BSM) are capable of predicting the FI (PFI) required for cattle to achieve their observed performance. This PFI can be used in place of OFI to select for residual differences in FI if the PFI were to account for residual variation due to individual animal efficiency in nutrient utilization; otherwise, the PFI could be used as the estimate of EFI in determining RFI. The objective of this study is to evaluate the appropriate use of PFI in estimating feed efficiency.
MATERIALS AND METHODS
The experiment was conducted to conform with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1999) and was approved by the US Meat Animal Research Animal Care and Use Committee.
Experimental Data
Individual postweaning records on daily FI, ADG, and carcass traits were obtained for 1,212 steers produced from crosses of F 1 bulls and F 1 dams in Cycle VII of the germplasm evaluation project at the US Meat Animal Research Center, Clay Center, NE. The F 1 bulls and dams were produced from matings of Angus, Hereford, Red Angus, Charolais, Limousin, Simmental, and Gelbvieh bulls to a base cow herd consisting of Angus, Hereford, and USMARC III (a 4-breed composite consisting of 1/4 Angus, 1/4 Hereford, 1/4 Pinzgauer, and 1/4 Red Poll) during 1999 through 2001. Selected F 1 male progeny from Angus or Hereford dams (Hereford-Angus, Angus-Hereford, Red Angus-Angus, Red Angus-Hereford, Charolais-Angus, Charolais-Hereford, Limousin-Angus, Limousin-Hereford, Simmental-Angus, Simmental-Hereford, Gelbvieh-Angus, GelbviehHereford) were retained for use as sires, and all F 1 female progeny were retained for the breeding herd.
Calves of the F 1 2 population used in this study were born between March and May in 2003 through 2007. In all years, calves were weaned in September, backgrounded on drylot, and moved during the first week in December to an intensive facility where they were placed in group pens (4 to 8 per pen) with electronic headgates (American-Calan-Broadbent, Northwood, NH). Steers were trained to use the Calan headgates over a 21-d period and were fed a grower diet (Table 1) during this period. At the end of the training period, steers were stepped up to a high-concentrate finishing diet (Table 1) via weekly steps (e.g., 75:25; 50:50; 25:75 blend of the growing and finishing diets). The test period started during the second week of January, and by this time all steers were consuming 100% of the finishing diet. Weight of feed and orts were recorded weekly.
Samples of feed were taken daily and composited on a weekly basis. Composited samples were analyzed for DM and CP content.
Steers were weighed on 2 consecutive days at the start of the test period and at 28-d intervals during the test period. Final BW at slaughter were the average of 2 BW (unshrunk) taken on consecutive days minus a 4% shrink. Steers were slaughtered serially at a commercial slaughter facility (2 to 4 groups spanning about 56 d from mid May to early July) to assess carcass traits and efficiency of BW gain at alternative age, BW, marbling, or composition endpoints. Carcass data obtained included HCW, rib-eye area, 12th-rib actual and adjusted fat thickness, estimated KPH, yield grade, quality grade, marbling score, color, maturity, and conformation score. Days on feed ranged from 120 to 185 d, and all experimental data were used to run separate within animal regressions of 1) cumulative FI and 2) cumulative BW on linear and quadratic terms for days on feed. Results of these regressions were used to determine experimental cumulative FI, OFI, initial BW, final BW, and ADG for a fixed number of days on feed endpoint of 120 d.
Simulated Data
Several BSM have been developed to predict animal performance when input levels are known. These mod- els are also capable of working in a reverse manner to predict the amount of a specified feed an animal should consume to achieve its observed performance. Three BSM were used to provide simulated data on PFI for the 1,212 steers on which individual daily FI were measured. Inputs to the BSM were initial BW, ADG, days on feed, and carcass composition in the recorded data.
The first of these models, the Cornell Value Discovery System (CVDS; Tedeschi et al., 2004 ) was developed at Cornell University, Ithaca, NY, to predict feed requirements and cost for individual animals fed in group pens. The second model (NRC2) was first published by the NRC in 1996 and updated in 2000 (NRC, 1996 (NRC, , 2000 . The CVDS and NRC2 models were adapted from the Cornell Net Carbohydrate and Protein System , and the main difference between the 2 models is the method used to estimate the efficiency (k g ) of converting ME into retained energy. The NRC2 model uses a fixed k g value based on the ME concentration of the diet, and the CVDS model uses a variable k g value based on the composition of gain. The third model, the Decision Evaluator for the Cattle Industry (DECI), was developed at the US Meat Animal Research Center, Clay Center, NE. This model uses a unique approach based on rate of BW gain to predict the composition of empty BW gain and feed requirements for maintenance and gain (Keele et al., 1992; Jenkins, 1998, 2003a,b) .
Experimental data serving as inputs for the models were dietary ME density, starting BW, ending BW, and ADG for the experimental period. Inputs that were not in the experimental data were starting body composition and ending body composition. These inputs were estimated using individual steer growth and carcass information in the experimental data. Body composition at the end of the experimental period in terms of ether-extractable lipid and fat-free matter was calculated from the individual animal experimental data on fat thickness, HCW, and marbling score according to Tedeschi et al. (2004) . Body composition at the start of the experiment was obtained by using the separate models to simulate the growth and body composition of individual animals from birth to the start of the experiment. In these simulations, the body composition at birth was assumed to be 3% ether-extractable lipid and 97% fat-free matter and the experimental individual animal data on birth BW, weaning BW, BW at start of the experiment, ADG from birth to weaning, and ADG from weaning to the start of the experiment were used as inputs.
The system of equations published by was used to calculate initial animal variables and simulate the growth and composition of BW gain of each steer with the CVDS model. Simulations were started with an initial estimate of FI, and analytical solutions were obtained for feed for maintenance, feed for BW gain, and ADG. The input value of FI was then iterated within day until the predicted ADG was the same as the observed ADG. In calculating energy for BW gain, an initial estimate for NE g that was based on the ME density of the diet (NRC, 1984) was first used. This estimate of NE g was updated each round of iteration using a k g value that was calculated from the predicted fat and protein content of empty BW gain (Geay, 1984) . At the end of the simulation, the final BW was the same as the observed BW, but the fat weight may be different because convergence was based on ADG and not body composition.
The NRC2 model is very similar to the CVDS model except for the method used to calculate k g . In this case, k g is calculated using the ME density of the diet (NRC, 1984) and because this ME value is constant, analytical solutions are obtained directly for daily FI requirements without the need for iteration. The input in this model is ADG and as with the CVDS model, the final BW at the end of the simulation was the same as the observed BW, but fat weight may be different.
The CVDS and NRC2 models are based on empirical equations for which analytical solutions are easily obtained; in contrast, the DECI model is based on 13 differential equations that are numerically integrated on a daily basis to obtain solutions. Compared with the CVDS and NRC2 models, a different approach was used in simulating each steer with the DECI model. In this case, the observed ADG was used as the main input, and 2 parameters that determined body composition were iterated until the predicted ending BW and composition were the same as that observed. The 2 parameters were the proficiency for lean gain (TETA) and mature BW at 25% empty body fatness (MATW). Both TETA and MATW are negatively correlated with fatness, and in making adjustments, the same percentage change was used for both. Daily individual animal feed requirements for maintenance and BW gain were obtained according to Williams and Jenkins (2003a,b) .
All simulations were run for the entire period each steer was on the finishing diet to match the predicted BW and composition data at slaughter to the experimental data. When the predicted and experimental data converged, the predicted cumulative FI, body composition, and BW at 120 d were stored for each steer. This predicted cumulative FI is the FI required by individual steers to achieve the body composition and growth performance in the observed data, and it is the sum of feed required for maintenance and BW gain over the 120-d feeding period. In all models, the maintenance requirement was adjusted for cold stress with equations published by Fox et al. (2004) using climatic data from the Clay Center, NE, weather station for 2003 to 2008.
Within each BSM, the 120-d predicted cumulative FI for each steer was adjusted by a multiplicative factor calculated as the total 120 d experimental cumulative FI of all steers divided by the total 120-d predicted cumulative FI of all steers, and this adjusted steer cumulative predicted FI was divided by 120 to obtain PFI for the DECI (PFI D ), CVDS (PFI C ), and NRC2 (PFI N ) model for each steer in the data. In addition, Application of biological simulation models OFI, PFI D, PFI C, and PFI N were used along with the observed ADG to calculate FCR for the experimental data (FCR E ), DECI (FCR D ), CVDS (FCR C ), and NRC2 (FCR N ) models, respectively.
Statistical Analysis
The following linear model was used to predict EFI and provide estimates of RFI for the experimental data (RFI EL ), DECI (RFI DL ), CVDS (RFI CL ), and NRC2 models (RFI NL
where y ij is an observation of the jth steer in the ith year on ADFI; u is a constant common to all observations; r i is a fixed effect due to the ith year; b k is the within year partial regression coefficient of Y ij on x kij ; x kij is the fractional contribution of breed k to the overall breed composition of steer j; b 9 is the within year partial regression coefficient of Y ij on ADG; b 10 is the within year partial regression coefficient of Y ij on MMW; MMW is metabolic BW at the middle of the finishing phase; e ij is a random error term associated with each observation, and in this case, it is the estimate of RFI. Absolute values and phenotypic correlations between the RFI values were used to evaluate the feasibility of using PFI in place of OFI to estimate RFI and FCR. In a second analysis, PFI D , PFI C , and PFI N were used as the estimate of EFI in calculating RFI. In this case, values of PFI D , PFI C , and PFI N were subtracted in turn from OFI to obtain residual values for the DECI, CVDS, and NRC2 models, respectively. These residual values were then adjusted for experimental year to obtain RFI values for the DECI (RFI ED ), CVDS (RFI EC ), and NRC2 models (RFI EN ). Absolute values and phenotypic correlations between RFI EL and these 3 RFI values were used to evaluate the feasibility of using PFI in place of EFI estimated with the linear statistical model (LSM) to estimate RFI.
RESULTS AND DISCUSSION
The R 2 values for using Eq.
[1] with OFI, PFI D , PFI C , and PFI N in turn as the independent variables were 0.663, 0.949, 0.984, and 0.969, respectively. The accuracy with which breed, MMW, and ADG fit the simulated data results from using these independent variables as inputs to the BSM to predict the simulated data. These results indicate that, compared with the experimental data, very little residual variation would remain for the simulated data, after accounting for breed effects, MMW, and ADG with a LSM. Hence, RFI estimates obtained from PFI data obtained with BSM would not be able to account for individual animal differences in feed efficiency.
Descriptive statistics for RFI EL , RFI DL , RFI CL , and RFI NL are shown in Table 2 . Both the SD and range for the 4 residuals were closely correlated with the R 2 values, with RFI EL having the largest SD and range followed in turn by RFI DL , RFI CL , and RFI NL . The range in RFI EL was 6.48 kg, and for the other residuals it varied from a maximum of 1.53 kg for RFI DL to a minimum of 1.11 kg for RFI CL with RFI DL being more symmetrical. The small variation and range for RFI DL , RFI CL , and RFI NL indicate that selection to improve feed efficiency would not be feasible if it were based on these residual traits. These results indicate that PFI obtained with the 3 BSM would not be an appropriate replacement for OFI in characterizing individual cattle for feed efficiency.
Correlations among RFI estimates, FCR, OFI, and ADG are shown in Table 3 . The correlation between RFI CL and RFI NL was high (0.98), indicating that these were similar traits and this results from NRC2 being mechanistically similar to CVDS. The low correlations for RFI DL with RFI CL (0.47) and RFI NL (0.47) are most likely a result of the equations that partition ME intake to maintenance and BW gain because the DECI equations are mechanistically different. Correlations for all RFI traits with ADG were 0, and RFI DL , RFI CL, and RFI NL had much smaller correlations with OFI than RFI EL . Correlations for RFI EL with RFI DL , RFI CL , and RFI NL were low, ranging from 0.39 with RFI DL to 0.32 with RFI NL , and correlations for RFI EL with FCR D , FCR C , and FCR N were very low, ranging from 0.12 with FCR D to 0.04 with FCR C . Correlations for FCR E with RFI DL , RFI CL , and RFI NL were low, ranging from 0.24 with RFI DL to 0.20 with RFI NL , and correlations for FCR E with FCR D , FCR C , and FCR N ranged from 0.80 with FCR D to 0.76 with FCR C . These results suggest that RFI and FCR obtained with the BSM predicted data may be very different from their counterparts obtained with observed data and may not be related to feed efficiency of individual animals.
The overall results suggest that PFI obtained with DECI, CVDS, and NRC2 account for very little of the residual variation associated with feed efficiency of individual animals, and therefore, should not be used in place of OFI in a LSM to determine RFI. In addition, FCR obtained with PFI and ADG appear to be unrelated to feed efficiency.
Descriptive statistics are shown in Table 4 for ADG, OFI, FCR E , TETA, MATW, RFI EL , and other RFI traits obtained in the second analysis. The range in TETA was 4.292 to 10.805, which demonstrates individual animal variability in the proficiency for lean gain. Similar variability was also shown in MATW, which ranged from 581 to 1,390 kg, and had a CV of 16% compared with 17% for TETA. All RFI traits had a mean of 0.00, which is expected, and similar magnitude of variability as shown by the SD, minimum, and maximum values. This suggests that RFI estimates calculated with EFI obtained with BSM may not be very different from RFI obtained from observed data using a LSM.
Correlations among RFI EL with RFI ED , RFI EC , RFI EN , and production traits are shown in Table 5 . Correlations for RFI EL with RFI ED , RFI EC , and RFI EN were 0.893, 0.931, and 0.922, respectively, suggesting some differences between RFI EL and the other RFI traits. The high correlation (0.99) between RFI EC and RFI EN is due to the similarity between the CVDS and NRC2 models. Correlations for RFI ED with RFI EC and RFI EN were 0.91 and 0.93, respectively, indicating some differences between the DECI, CVDS, and NRC2 models.
A correlation of 0 was obtained between RFI EL and ADG, which is expected because RFI EL is by definition phenotypically independent of the production traits used to calculate EFI; however, small negative correlations were found between ADG and RFI ED , RFI EC , and RFI EN . This is expected because RFI calculated with EFI obtained from BSM is not necessarily independent of ADG. Except for RFI EC, which had an almost 0 correlation with ADG, these correlations indicate that there would be small increases in ADG with improvements in RFI ED and RFI EN . All RFI traits were positively correlated with OFI and FCR E , indicating that both traits would decrease with improvements in any of the RFI traits. The improvement in FCR is a result of decreased OFI and 0 to small increases in ADG. Except for RFI ED, which had an almost 0 correlation with MATW, the other RFI traits were negatively correlated with MATW, which suggests that MATW would increase with decreases in any of these other RFI traits.
Production traits and RFI estimates are compared in Table 6 for 2 steers that did not differ much in MMW. [1] in text using average daily observed feed intake; RFI DL , RFI CL , RFI NL = residual feed intake with Eq. [1] in text using ADFI predicted with the Decision Evaluator for the Cattle Industry, Cornell Value Discovery System, and NRC 2000 update, respectively; FCR E = feed conversion ratio using average daily observed feed intake; FCR D, FCR C , FCR N = feed conversion ratio using ADFI predicted with the Decision Evaluator for the Cattle Industry, Cornell Value Discovery System, and NRC 2000 update, respectively; OFI = average daily observed feed intake. The FCR for steer A was very low, indicating that this steer was very efficient, and all estimates of RFI characterized steer A as being efficient, with the RFI ED estimate being much closer to the RFI EL estimate than RFI EC and RFI EN . These results suggest that for efficient animals there would be little difference between RFI EL and the RFI estimates obtained with BSM. The estimate of RFI EL characterized steer B as being about 73% as efficient as steer A, but the FCR estimate characterized steer B as being only about 46% as efficient as steer A. Feed conversion ratio is a biological trait that is based on the performance of an individual animal, and RFI is a statistical trait that depends on the variance and covariance structure of the entire data set. This variance covariance structure of the data determines partitioning of FI between effects such as ADG and BW in the LSM. This partitioning is fixed for all animals in a particular data set and would be different between different data sets.
Results in Table 6 show that RFI estimates obtained with the 3 BSM ranked steer B as less efficient than RFI EL , with RFI ED ranking this steer as inefficient. These results are due to the fact that the 3 BSM treat each steer as an individual and the BW, growth rate, and rates of fat and protein accretion of a particular steer is used to predict the FI of that steer. Steer B was less efficient with the NRC2 model than with the CVDS model. Both models would predict the same FI for maintenance, but the CVDS predicted a greater amount of FI for growth than the NRC2 model, resulting in greater EFI with the CVDS model compared with the NRC2 model. Predicted FI for growth is a function of the estimated values for retained energy and k g . Retained energy was the same in both models but k g was larger with NRC2, resulting in less ME being used for growth, compared with the CVDS model.
The DECI model predicted a much smaller FI than the other 2 models, and this resulted in a positive value for RFI ED in Table 6 . Two mechanisms in the DECI model are responsible for this result. The first mechanism is the strong relationship between ADG and composition of gain (Keele et al., 1992) . As ADG decreases, DECI predicts a leaner composition of gain than CVDS and NRC2, and the ME cost of lean deposition is almost one-half that of fat deposition; hence, the predicted FI for growth is smaller. The second mechanism is in the formulation of maintenance requirements. Maintenance in DECI is divided into BW maintenance and production maintenance (Williams and Jenkins, 2003a) . Body weight maintenance would be approximately the same for steer A and steer B because both steers have about the same BW. Production maintenance is a function of FI, and because the FI of steer B is about 60% of that of steer A, steer B would have a decreased requirement for production maintenance. This would further reduce the predicted FI of steer B, resulting in a positive value for RFI ED for this steer.
The BSM that predict FI are driven by ADG, initial BW, days of feed, and ending body composition, and as such, these models cannot account for individual animal variation in maintenance efficiency, efficiency of protein accretion, and other biological mechanisms that may affect feed efficiency. The use of PFI obtained with BSM to estimate RFI in a LSM is not feasible because very little variation remains after accounting for ADG, initial BW, and days on feed. Predicted FI can be used to estimate FCR, and sires can be evaluated for FCR. However, results suggest that FCR estimated with PFI may not be related to individual animal efficiency. Also, it is likely that response to selection for FCR would be greater if we select for ADG rather than the ratio trait FCR (Mrode et al., 1990) . Hence, PFI is still not very useful. Predicted feed intake can be used to allocate feed costs to groups of cattle with different ownership within a single pen; however, owners of efficient cattle would be penalized. Predicted feed intake can be used in place of EFI obtained in a LSM to estimate RFI, and these RFI estimates appear to be more related to individual animal biological efficiency than RFI EL . Efficiency estimates based on RFI obtained with BSM would facilitate comparisons across different data sets because each data set would have a different LSM, and BSM could provide more accurate estimates of efficiency in small data sets where errors would be large with LSM.
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